A cold-forging quality steel rod is usually applied for manufacturing wire which is generally produced by drawing wire coil into wire, followed by spheroidized annealing treatment to achieve the necessary formability for cold forging. The subcritical and intercritical processes are usually used to spheroidize the steel wires. The cold-forging quality SCM435 alloy medium carbon steel wires are widely used to manufacture high tension bolts for mechanical and heavy industry. In this study, the spheroidized annealing experiments on SCM435 alloy steel wires are conducted in a commercial bell furnace with a protective atmosphere of nitrogen or hydrogen. The mechanical properties of annealed steel wires are measured by tensile and Rockwell hardness tests and the process capability is evaluated. It is experimentally revealed that, for SCM435 alloy medium carbon steel wires, the wire quality with intercritical annealing is much better than that with subcritical annealing and is markedly affected by furnace atmospheres. The intercritical annealing quality on SCM435 alloy steel wire in hydrogen atmosphere furnace is better than in nitrogen atmosphere furnace. A comparison between the results obtained using the intercritical annealing with hydrogen atmosphere and the measures using the subcritical annealing shows that the intercritical annealing effectively improves the performance measures of low strength and high ductility over their values at the subcritical annealing. The results presented in this study could be a reference for fasters wire manufacturers.
Introduction
The SCM435 alloy medium carbon steel wires are widely used to fabricate high strength bolts and machine parts. The wires are usually produced by drawing, followed by spheroidized annealing to achieve the necessary formability for cold forging. The majority of all spheroidizing activity is performed to improve the ductility of steel [1] [2] [3] for cold formability. The subcritical and intercritical processes are usually used for the spheroidized annealing of steel wires [3] with a protective atmosphere of nitrogen or hydrogen [4] [5] . The subcritical annealing treatment is simply heating the steel wires to a temperature below Ac 1 temperature and holding at this temperature which the annealing time may be very long.
The intercritical annealing treatment consists of a duration holding at a temperature between Ac 1 and Ac 3 temperatures followed by slow cooling or holding at a temperature below Ac 1 temperature. The spheroidized annealing usually consumes a large amount of time and energy.
To improve spheroidization of the steel wires, some studies have been conducted. O'Brien and Hosford [6] investigated the spheroidization of the medium carbon steels, AISI 1541 and AISI 4037, used in the bolt industry with intercritical and subcritical cycles and indicated that the subcritical annealing could require shorter process time than the intercritical annealing for achieving higher formability of the medium carbon steel. Introducing defects into cementites by severe plastic deformation is one of the effective methods for increasing the spheroidization speed. Ko et al. [7] proposed a method of continuous shear drawing for industrial applications to steel wire manufacturing and compared the spheroidization behavior of medium-carbon steel processed by continuous shear drawing to that processed by conventional drawing. Joo et al. [8] investigated the effect of the non-circular drawing sequence on spheroidization behavior of the medium carbon steel wire. It was indicated that the cementite in medium carbon steel spheroidizes much more easily after a severe non-circular drawing, and SEM results also revealed that the prior cold working could increase the spheroidization ratio with cold workability improved by subcritical annealing. Gul' et al. [9] developed a method for a more intense spheroidization of cementites to accelerate spheroidization. Spheroidization is induced by nonisothermal holding at high temperatures using an internal heat source. The results show that the spheroidized annealing temperature and prolonged heating time have the greatest effect on the mechanical properties of steel wires. Ji et al. [10] investigated the effect of subcritical annealing temperature on microstructure and mechanical properties of SCM435 steel through changing the heating and soaking temperature. Lv et al. [11] investigated the spheroidizing behavior of cementite in Fe-0.8C mass% steel during cyclic heat treatment and indicated that cyclic heat treatment method could effectively accelerate spheroidization of cementite.
For low carbon steel wires, Yang and Liu [12] conducted the experiment by using Taguchi method to obtain optimum subcritical annealing conditions to improve the mechanical properties of AISI 1022 steel wire for cold forming. Yang 
Spheroidized Annealing Experiments
In this study, the SCM435 alloy steel wire is spheroidizing annealed after colddrawn at 13.1% deformation. The steel wire coil (⌀9.0 mm, Al-killed) is manufactured by China Steel Corporation, Kaohsiung, Taiwan. Its chemical composition is shown in Table 1 .
For the intercritical process, the wires are heated into the intercritical temperature of 770˚C, which is between the Ac 1 and Ac 3 temperatures as illustrated in Figure 1 , for 2.5 hours and followed by slow cooling to the temperature of 665˚C which is below Ac 1 temperature. It takes 21 hours in total. The experimental tests on the alloy steel wires are carried out in an A210 bell-type furnace (Rad-Con Inc., Cleveland, OH, USA) with protective atmospheres of nitrogen and hydrogen, respectively.
With protective atmospheres of hydrogen in the same commercial bell furnace, the subcritical annealing treatment was conducted by heating the wires to the temperature as 680˚C and 720˚C, which are below Ac 1 temperature as shown in Figure 1 , for 5 hours and followed by slow cooling to the temperature of 450˚C. The cycle time is about 22 hours.
In this study, the mechanical properties of the spheroidized annealed wires, such as tensile strength, ductility and hardness, are investigated. The tensile test is used as a measure of ductility by calculating the elongation of the specimen Figure 1 . Spheroidized annealing procedures.
upon fracture [15] . The tensile tests are conducted on a 20 ton universal testing machine under a constant ram speed of 7 mm/min at room temperature. The dimensions of the tensile specimen are ⌀8.39 mm × L200 mm. The Rockwell hardness values are measured at 6 points on each specimen. Each test trial, including ten specimens which are taken from distinct regions in the furnace, is followed by a fabrication process.
Process capability is a measure of the nature behavior of the process after special causes of variation are eliminated, and the basic purpose is to compare the "normal variation" of the process against the design tolerances to assess whether the process can meet those specifications [15] . Spheroidized annealing primarily provides a needed ductility for cold forging which the ductility of the steel wire is increased and its strength and hardness is reduced too. As the company assigned, the ductility of the annealed wires should be exceeding 0.30. For the ductility of the annealed wires, since only lower specification limit is necessary, the process-capability ratio [15] 3
is measured, where μ is the process average, LSL is the lower specification limit and S is the process standard deviation of each trial.
Through spheroidized annealing, the ductility of the steel wire may be increased, and its strength is simultaneously reduced. However, the annealed steel wire has to supply a certain strength for cold heading. The tensile strength of the annealed wires should not exceeding 620 MPa and the hardness not exceeding 90 HRB, which are assigned by the company. Since only upper specification lim- 
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where USL is the upper specification limit of each trial. When the wires are manufactured following the spheroidized annealing procedures displayed in Figure 1 , the experimental results of the tensile strength, ductility and hardness (mean, μ; standard deviation, S; and process-capability ratio, CPU or CPL) of the spheroidized annealed steel wires are shown in Tables   2-4 , respectively. It is revealed that, in comparison to non-treated wires, the mean tensile strength is reduced more than 300 MPa, the mean hardness is also decreased at least 10 HRB, and the mean ductility is improved over 0.12 for the annealed wires. However, the effectiveness of the four annealing processes is obviously different. In addition, for a commercial bell furnace, the charge weight of wires may be up to 30 tons and the obvious variation of annealing quality may be due to the convection flow in the furnace.
Results and Discussion
Variation is the inability to perform a task consistently according to a specification [15] . Observe Figure 3 and Figure 4 , where the natural variations of the process [15] of the four tests together with the non-treated experiment, including the given specification limit/spans, are plotted in the figures respectively for Table 4 . Experimental results for hardness (HRB).
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Tensile Strength
In comparison with both subcritical processes annealing at 680˚C and 720˚C, as shown in Table 2 and Figure 3 , the mean tensile strengths of annealed wires are smaller for the two intercritical processes annealing at 770˚C, particularly with protective atmosphere of hydrogen. However, the standard deviations are larger for the two intercritical processes may be due to faster preheating rate and shorter prolonged heating time of only 2.5 hours, as shown in Figure 1 .
For the four annealing processes, the mean tensile strength of annealed wires varies from 561.6 to 683.1 MPa, and the mean values of both subcritical processes are exceeding 620 MPa, as shown in Table 2 and Figure 3 , particularly for the subcritical process annealing at 680˚C which results are all exceeding the upper specification limit, as illustrated in Figure 3 , due to lower annealing temperature. The process-capability ratios (CPU) for the four annealing processes are smaller than 1, as shown in Table 2 , which mean that their natural variations of the process are larger than the tolerance band given, thus, their processes are not able to meet the specifications and incapable of ensuring 99.73% of good annealing wires [15] . However, for the intercritical process with hydrogen atmosphere, the process-capability ratio (CPU) of 0.53, as shown in Table 2 , is the greatest. That is, for the property of tensile strength, its process capability is the best of the four annealing processes.
Ductility
As shown in Table 3 and Figure 3 , the means of ductility vary from 0.238 to 0.339 for the four annealing processes. It is obviously that the mean ductility of wires annealing used the intercritical process with hydrogen atmosphere is the best, even better than the process with nitrogen atmosphere. However, the standard deviations for the two intercritical processes are large due to faster pre-heating rate and shorter prolonged heating time.
The mean values of ductility for both subcritical processes and intercritical process with nitrogen atmosphere are not exceeding 0.30, as shown in Table 3 and Figure 3 , particularly for the subcritical process annealing at 680˚C which results are not exceeding the lower specification limit, as illustrated in Figure 3 , due to lower annealing temperature. The process-capability ratios (CPL) for the four annealing processes are also smaller than 1, as shown in Table 3 . That is, their natural variations of the process are larger than the tolerance band given. However, for the intercritical process with hydrogen atmosphere, the processcapability ratio (CPL) of 0.31, as shown in Table 3 , is also the greatest. Therefore, for the property of ductility, its process capability is the best of the four annealing processes.
Hardness
The mean values of hardness, as illustrated in Table 4 , are similar for the four annealing processes. The mean hardness of annealed wires is the same for intercritical process with hydrogen atmosphere and subcritical process annealing at 720˚C, but with different standard deviation, as illustrated in Table 4 and The process-capability ratios (CPU) for the four annealing processes are also smaller than 1, as shown in Table 4 , thus, their natural variations of the process are larger than the tolerance band given. However, for the subcritical process annealing at 720˚C, the process-capability ratio (CPU) of 0.67, as shown in Table 4 , is the greatest in consequence of smaller standard deviation.
In the commercial application, the bell-type furnace is usually used for the heat treatment process of spheroidized annealing medium-carbon alloy steels for cold-heading quality. The character of the bell furnace concept leads to efficient use of the furnace chamber space and the furnace can be configured for a single-stack of coils, or for multiple-stacks under one inner cover [5] . Therefore, to obtain stable annealing quality of SCM435 alloy steel wires, highly efficient convection flow in the furnace chamber space is essential.
Commercial spheroidizated annealing usually consumes a large amount of time and energy. The atmospheres used in the annealing furnace is not only to protect the steel wires being processed from chemical reactions that could occur on their surfaces (e.g. oxidation or decarburization), but also to conduct heat to the wires. The thermal conductivity of hydrogen is approximately seven times that of nitrogen. The hydrogen gas is only 1/14th the mass of nitrogen, leading to high efficiency convection in the furnace. The higher convection flow along with the properties of hydrogen itself, substantially increases the rate at which heat is delivered to the steel wires [5] . In comparison with N 2 , the higher heat conductivity of H 2 provides an overall improvement in heat transfer and a cor-responding increase in annealing and cooling output. Therefore, the annealing quality of SCM435 alloy steel wires with hydrogen annealing is better than that with nitrogen annealing, as illustrated in Figure 3 and Figure 4 . However, in this study, for the intercritical process, the apparently uneven quality of annealed wires may result from shorter prolonged heating time.
With increasing the subcritical annealing temperature from 680˚C to 720˚C, as shown in Figure 3 , the performance of low strength and high ductility substantially improves the formability of SCM435 alloy steel wires. In the meantime, the quality of annealed wires is more uniform due to longer prolonged heating time. However, the performance is obviously not as good as that for intercritical process annealing at temperature of 770˚C, especially for annealing with hydrogen atmosphere. Consequently, to improve the formability of SCM435 alloy steel wires with the performance of low strength and high ductility, it is effective to apply the intercritical annealing process with hydrogen atmosphere along with longer prolonged heating time to obtain more even quality of annealed wires.
Conclusion
The cold forming quality SCM435 alloy steel wires are usually used to manufacture high tension bolts for mechanical and heavy industry. The wires are usually produced by drawing, followed by spheroidized annealing to achieve the necessary formability for cold forging. Commercial spheroidizated annealing usually consumes a large amount of time and energy. In this study, the subcritical and intercritical annealing experiments on SCM435 alloy steel wires are carried out in a commercial bell furnace with a protective atmosphere of nitrogen or hydrogen. It is experimentally revealed that, for SCM435 alloy medium carbon steel wires, the wire quality with intercritical annealing is much better than subcritical annealing and is markedly affected by furnace atmospheres. The higher heat conductivity of H 2 provides an overall improvement in heat transfer. Therefore, to enhance the formability of SCM435 alloy steel wires with the performance of low strength and high ductility, it is effective to apply the intercritical annealing process with hydrogen atmosphere, and leads to obtaining the mean tensile strength of 561.6 MPa, mean ductility of 0.339 and mean hardness of 87.6 HRB.
However, the process-capability ratios are smaller than 1; that is, their natural variations of the process are larger than the tolerance band given. The results presented in this study could be a reference for fasters wire manufacturers.
